A group of patients with damage to the ventral part of the frontal lobes was severely impaired relative to a group of patients without damage in this area (the non-ventral group) in the reversal and in the extinction of simple visual discrimination tests. In these tests they continued to make responses to a previously rewarded stimulus. Patients often reported verbally that the contingencies had changed, but were unable to alter their behaviour appropriately. These impairments occurred independently of IQ or verbal memory impairments. The perseverative touching of a previously rewarded stimulus is consistent with work with non-human primates showing impaired reversal and extinction after orbitofrontal lesions. Performance on these reversal and extinction tests was highly correlated with scores obtained on a behaviour questionnaire, which reflected the degree of disinhibited and socially inappropriate behaviour exhibited by patients. It is suggested that a difficulty in modifying responses, especially when followed by negative consequences, as manifested in these simple laboratory tests, may contribute to the inappropriate behaviour shown in daily life by patients with frontal lobe damage.
Patients with frontal lobe brain damage, produced, for example, by closed head injury or cerebrovascular accident, may show altered emotion and social behaviour, such as disinhibited or socially inappropriate behaviour, impulsiveness, and misinterpretation of people's moods.' In humans, there is little understanding of the processing that normally takes place in the affected region, or even of exactly which part of the frontal lobe is crucial for the changes. On the other hand, there have been many advances in the past few years in understanding the neural basis of emotion in non-human primates, and the location, connections, and functions of the frontal region involved in emotion.>' The research described here aims to take this fundamental research and to investigate whether it has implications for understanding and treating the symptoms in these patients, and in their rehabilitation.
The analysis of one part of the frontal cortex, the orbitofrontal cortex, suggests that one way that it is important in emotions is because it is involved in emotion-related learning.2' For example, the learning deficits associated with damage to the orbitofrontal cortex in non-human primates include impaired extinction and impaired visual discrimination reversal. Extinction is the normal reduction in behaviour when rewards are no longer given. The impairment in extinction produced by orbitofrontal damage consists of continued responding for the previously rewarded stimulus. In a visual discrimination task, responses to one stimulus are associated with reward, and to the other with no reward (or punishment). In the reversal of the task, the stimulus previously associated with reward becomes, after the reversal, associated with non-reward and vice versa. The deficit in reversal produced by damage to the orbitofrontal cortex also consists of continued responding to the previously rewarded stimulus. These two deficits can be understood as a failure to break, or adjust, previously learned associations between stimuli and primary reinforcers (for example, reward or punishment). In modern approaches to emotion, emotions are often considered to be states elicited by rewarding and punishing stimuli.2 3 For example, the emotion of fear is a state elicited by stimuli learned to be associated with punishment, and joy is a state associated with rewarding stimuli.2 3Because emotions are related to rewarding and punishing (reinforcing) events (which alter the probability of behaviour occurring), any failure to correct behaviour when the reinforcement value of environmental stimuli changes will lead to inappropriate emotional and social behaviour. Thus the main aim of this investigation was to determine whether patients with altered social and emotional behaviour after frontal lobe damage have deficits in this type of learning, as such a deficit could provide a fundamental explanation for at least some of the symptoms found.
It should be noted that visual or object discrimination reversal is different from spatial reversal or alternation, in which the dorsolateral prefrontal cortex is implicated.6 7 This spatial short term memory processing may have little to do with emotion, by contrast with learning associations between environmental stimuli and rewards. 2 The evidence that the orbitofrontal cortex is involved in processing and learning about rewards is extensive.2 For example, it is now known that the orbitofrontal cortex receives information about primary reinforcers (such as taste, smell, and touch), and indeed contains the secondary taste and olfactory cortices.45 The orbitofrontal cortex also receives visual and auditory inputs (from the temporal lobe visual and auditory cortical areas), and rapid association learning and unlearning of these inputs in terms of their ability to influence neurons that respond to primary reinforcers occurs.2 3 The same regions contain neurons that respond to emotion-provoking stimuli, such as faces, and indeed damage to the orbitofrontal cortex in non-human primates affects not just stimulus-reinforcement learning, but also emotional responses to objects. 2 In some previous studies deficits on tasks such as pattern reversal and object alternation have been reported in patients with Korsakoff's syndrome8 or Alzheimer's disease,9 in whom there is often some frontal involvement. It is also well known that patients with frontal lobe damage may have impairments on the Wisconsin card sorting task, but this task involves considerable cognitive processing-for example, categorisation of stimuli by colour, number, or shape. We wished to test the stimulus-reinforcement learning hypothesis directly, and therefore designed a much simpler test than the Wisconsin task, in which the main element was the extinction or reversal of stimulusreinforcement associations. We also sought to relate difficulties with reversal or extinction, or similar tasks, to social and behavioural problems that the patient might also show in daily life, in which a difficulty with inhibition might also be involved.
Methods

PATIENTS
Twenty patients attending the Rivermead Rehabilitation Centre, Oxford, as either inpatients or outpatients, were studied. Most Patterns remained on the screen for seven seconds if not touched (regardless of whether it was correct not to touch them). They disappeared immediately when touched (again regardless of whether it was correct to do so). If the pattern was touched it was immediately replaced with a message telling the patient whether it was correct or incorrect to have touched it, and whether a point had been gained or lost. If the patient did not touch a pattern it disappeared after seven seconds and was replaced by a message, the content of which depended on whether it was correct not to have touched it. Running totals of the patient's score (which could fall below zero) were displayed on the screen. Correct responses were signalled by a rising tone, judged by normal subjects to be pleasant, whereas incorrect responses were signalled by a short, unpleasant sound on one note.
The patients advanced each new trial, at their own pace, by pressing the space bar on a keyboard. They were asked to try to gain as many points as possible. Once a criterion of nine correct responses out of the preceding 10 trials had been reached, the relation between the patterns and the consequences of touching or not touching them was reversed without warning. Regardless of any questions or objections the patients might make, they were given no further instructions, but asked only to continue trying to gain points. Testing continued for a minimum of 30 trials after reversal, and beyond this in some cases. If performance after the first reversal reached criterion, then further reversals occurred whenever the criterion was reached again, up to a maximum of three.
EXTINCTION
This test used two other highly discriminable fractal images as stimuli, but otherwise it started in the same way, with the same instructions. After criterion had been reached, it became, without warning, incorrect to touch either pattern. Points measure was significant at p = 0019 (U= 9-5, two tailed tests except where stated).
In extinction, (table 2) , there was also a large difference between the ventral frontal and non-ventral groups on the last error score (p = 010035, U= 30).
Of the 10 patients in the ventral frontal group, all performed poorly relative to the non-ventral group in terms of the last error trial on either the reversal, or the extinction test, or both.
Performance of severely impaired patients with ventralfrontal damage The performance on the first 30 trials of those patients with ventral frontal damage who failed to reach criterion within 25 trials on either reversal or extinction was further analysed. Six of the 10 tested fell into this category in reversal, and six (which included three different patients) in extinction.
In reversal, these patients made some correct responses, so that they gave themselves the opportunity to discover how points could be won in reversal, although their performance remained close to the chance level of 50% (table 3) . The maximum runs of consecutive correct responses show, however, that they were never close to reaching the criterion. Table 3 also shows, for reversal, the group mean percentages of all old S + (previouslycorrect stimuli) touched (commission errors) and of all the old S -(previously incorrect 
Post-test interview
All patients described the two stimuli accurately and remembered which stimulus had been correct at the beginning of the test. They explained how points could be gained and lost, and how the contingencies switched in reversal-namely, that it was no longer correct to touch the original S+, and that doing so lost points. They described how the original S -became correct instead. They also explained how both stimuli became incorrect to touch in extinction. They were all able to describe the fact that they had nevertheless continued touching the old S + in both tests. For example, case 8, when asked whether she had continued to touch the S + after it had become incorrect in the reversal test, answered "a few times ... I lost a lot of points. I didn't learn from my mistakes-I went on touching it".
When asked why they had continued to touch the old S + if it was incorrect to do so, some were at a loss. Case 7, for example, said "I don't know ... something in there (indicating his head) told me to touch it and try to get a point". Others gave somewhat confabulatory justifications, claiming, for example, that they had hoped that the S + might have become positive again if they kept on touching it. This claim was made despite the fact that the patient had discovered that not touching it could gain points, and despite their averred aim to gain as many points as possible. Table 2 shows that on the behaviour questionnaire the group median for the ventral frontal group was 6-0 (mean 5-7 (SD 1-8) ), whereas the group median for the non-ventral group was 0 8 (mean 1 0 (SD 0 8) ). There was no overlap between the scores of individual patients within the two groups (MannWhitney U = 0, p = 0 003).
BEHAVIOUR
The five commonest types of behaviour abnormality in the ventral frontal group, present in nine or more of the 12 patients, were:
Relation between scores on the behaviour questionnaire and the percentage of old S + (previously correct) stimuli touched in the reversal test (A) and extinction test (B). No patient in the non-ventral group was disinhibited or socially inappropriate.
Examples of disinhibited or inappropriate behaviour shown by patients with ventralfrontal damage Sexually explicit references, suggestive comments, or actual sexual advances were made to staff by cases 3, 8, and 10. Case 10 had also exhibited himself in the town centre. Cases 2 and 7 were overfriendly (case 7 swept a member of staff off her feet to hug and kiss her because he was in a good mood), case 3 was boastful, claiming he was more handsome and that his humour had improved since his accident (in fact his humour was childish and repetitive). Case 3 also tactlessly told a member of staff she was much less pretty than someone else. Case 4 practised karate kicks in the canteen and mimed the savage blows he would inflict on anyone who crossed him. Case 5 planned to kill the driver of the car that had hit him and asked the police to help him carry out his plan. Case 1 upset his wife by buying her a piece of cheap jewellery she would never have considered wearing.
Disinhibited or inappropriate behaviour was present in patients with unilateral as well as bilateral lesions. In those patients who were tested (which included seven of the 10 patients with ventral frontal damage), verbal IQ was within the average range, and in all cases scores were within 1 SD of the mean. Two patients in the ventral frontal group obtained scores above 1 10, placing them in the high average range. As shown in table 2, the median score (-0 4) for both groups on the paired associate learning test was well within 1 SD of the mean. On a Mann-Whimey test there was no significant difference between the two groups (p = 0-67).
Importantly, there was no correlation between either verbal IQ scores or paired associate learning scores and performance on either reversal or extinction, as measured by the percentage of old S + (previously rewarded stimuli) touched. Four Spearman rank correlations were performed, giving nonsignificant results in all cases as follows: reversal and verbal IQ p = 0 00; extinction and verbal IQ p = 0-06; reversal and paired associate learning p = 0-23; extinction and paired associate learning p = 0 15.
All of the patients in the ventral frontal group who were tested (cases 1, 8, and 9) on the Tower of London task performed normally, achieving scores within 1 SD of the mean for normal subjects.
Discussion
In this study it was shown that performance on reversal, extinction, or both, in which previously learned associations between environmental stimuli and rewards must be altered, was impaired in patients with damage to the ventral parts of the frontal lobes. This learning deficit was separable from some other types of learning and memory problems, in that there was no correlation with paired associate learning perfonrance (which is more related to temporal lobe damage). The ventral frontal learning deficit was also separable from the effects of a general disturbance in brain function, in that there was no correlation with verbal IQ. This learning deficit may contribute to the emotional and social problems that can occur in patients with ventral frontal damage, because the ability to respond appropriately to reinforcing stimuli and to learn when their reinforcement associations change is of central importance in emotion, and in social and behavioural responses to emotional stimuli.2 3 Another new finding of this study, which supports this hypothesis, was that scores on the behaviour questionnaire, which was designed to quantify the social-behavioural abnormalities associated with frontal damage, were positively correlated with performance on the reversal and extinction tests, using the percentage of previously correct stimuli touched in error as an index of performance on both tests. This suggests that the difficulty shown by the ventral frontal group in rapidly altering stimulus-reinforcement associations may be at least partly responsible for their disinhibited and inappropriate behaviour.
In 
